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1  | INTRODUC TION
Fire	is	a	pervasive	natural	disturbance	that	 is	well	acknowledged	
as	 a	 driver	 of	 species	 distributions	 and	 community	 composition	
in	many	ecosystems	(Bond	&	Keeley,	2005;	Bowman	et	al.,	2009;	
Cowling,	 Holmes,	 &	 Rebelo,	 1992;	 Pausas	 &	 Verdú,	 2008;	 van	
Wilgen,	 Richardson,	 Kruger,	 &	 van	 Hensbergen,	 1992),	 but	 the	
extent	and	manner	 in	which	 fire	 influences	 species	distributions	
is	 not	 fully	 understood.	 Fynbos,	 the	 dominant	 vegetation	 type	
in	 the	 Cape	 Floristic	 Region	 (CFR),	 is	 under	 threat	 from	 climate	




rainfall	 in	 the	 south–west	 section	of	 the	CFR	and	an	 increase	 in	
rainfall	 inland	and	towards	the	east	(Hoffman,	Carrick,	Gillson,	&	
West,	2009;	MacKellar,	New,	&	Jack,	2014).	Beyond	direct	effects	




Latimer,	 Silander,	 Gelfand,	 &	 de	 Klerk,	 2010)	 and	 impacting	 on	
the	distribution,	composition	and	function	of	vegetation	(Bond	&	
Keeley,	2005).	A	sound	understanding	of	the	complex	relationship	
between	 climate,	 fire	 and	 plant	 species	 distributions	 is	 required	
to	 ensure	 effective	 conservation	 and	management	 of	 fire‐prone	
vegetation,	especially	in	global	biodiversity	hotspots	like	the	CFR	
(Myers,	Mittermeier,	Mittermeier,	Fonseca,	&	Kent,	2000).









that	 incorporate	species	biology	over	 the	past	decade	 (Csergő	et	
al.,	 2017;	 Franklin,	 2010;	 Keith	 et	 al.,	 2008),	 and	 studies	 in	 fire‐
prone	 ecosystems	 are	 increasingly	 incorporating	 fire	 information	
into	 SDMs	 (Crimmins,	 Dobrowski,	 Mynsberge,	 &	 Safford,	 2014;	
Keith	et	 al.,	2008;	Merow	et	al.,	2014;	Tucker,	Rebelo,	&	Manne,	
2012),	yet	 there	 is	 still	much	 to	be	 learned.	While	 there	 is	ample	
observational	and	experimental	evidence	regarding	the	importance	
of	fire	in	determining	the	survival	of	plant	species	with	different	life	








The	 importance	 of	 traits	 in	 determining	 species	 responses	 to	
environmental	change	 in	distribution	studies	 is	well	acknowledged	
(Dobrowski	 et	 al.,	 2011;	 Kharouba,	 McCune,	 Thuiller,	 &	 Huntley,	
2013;	 Syphard	 &	 Franklin,	 2010;	Wiens,	 2011).	 Life	 history	 traits	








seed	 banks	 post‐fire;	 and	 obligate	 resprouters,	 that	 do	 not	 have	
fire‐resistant	seed	banks	and	regenerate	after	fire	by	sprouting	from	
dormant	buds	(Bell,	Hopkins,	&	Pate,	1984;	Keeley,	Bond,	Bradstock,	
Pausas,	 &	 Rundel,	 2012;	Marais,	 Pratt,	 Jacobs,	 Jacobsen,	 &	 Esler,	
2014;	Pratt,	Jacobsen,	Jacobs,	&	Esler,	2012).	All	three	fire‐response	






















periods	 than	 seeders	 (Lamont,	 Enright,	&	He,	 2011;	 Pausas	 et	 al.,	
2004).	Therefore,	the	stability	of	resprouter	populations	may	require	
long	fire‐	free	periods	so	that	individuals	can	establish	and	transition	




Previous	 studies	 that	 have	 explored	 the	 influence	 of	 fire‐re-
sponse	strategies	on	species	distributions	found	that	fire‐response	
strategies	 affect	 the	 accuracy	of	 SDMs,	with	obligate	 seeders	 ex-
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the	importance	of	fire	in	determining	the	distribution	of	fynbos	spe-
cies	with	different	life	history	traits	(growth	form	and	fire‐response	
strategy).	We	model	 the	distributions	of	52	closely	 related	 fynbos	
plant	species	pairs	(104	species),	classified	across	two	growth	forms	









Our	 study	 focuses	 on	 fynbos	 vegetation	within	 the	CFR,	 a	 global	
biodiversity	hotspot	 (Cowling,	Pressey,	Rouget,	&	Lombard,	2003;	
Myers	 et	 al.,	 2000)	 located	 on	 the	 south‐western	 tip	 of	 Africa.	
Approximately	70%	of	 the	±	9,000	plant	 species	 found	 in	 the	CFR	
are	endemic	 to	 the	 region	 (Goldblatt,	1978;	Linder,	2003).	Fynbos	
accounts	for	almost	80%	of	the	vegetation	in	the	CFR	and	is	char-
acterized	 by	 four	 major	 growth	 forms:	 graminoids	 (restioids),	 tall	
shrubs	 (proteoids),	sub‐shrubs	(ericoids)	and	geophytes	 (Cowling	&	
Richardson,	1995).	The	geology	of	 the	CFR	 is	dominated	by	 layers	
of	sandstone	and	shale,	which	gave	rise	to	distinct	soil	types	rang-
ing	 from	poor	nutrient	 sandy	soils	 to	 richer	clay	soils	 (Goldblatt	&	
Manning,	2000).
The	 CFR	 falls	 within	 a	 predominantly	 Mediterranean	 climate	










Species	 occurrence	 data	 were	 acquired	 from	 the	 National	










species	within	 the	 same	 lineage,	 but	with	 contrasting	 life	 history	
traits,	 were	 selected.	 Phylogenetic	 autocorrelation	 is	 a	 potential	
confounding	factor	when	making	comparisons	among	multiple	spe-
cies,	because	closely	related	species	tend	to	share	similar	traits	and	
ecological	 behaviour,	 potentially	 biasing	 statistical	 inferences	 in	
multispecies	models	(Blomberg,	Garland,	&	Ives,	2003;	Felsenstein,	








limitation	 found	 in	 presence‐only	 data	 where	 some	 areas	 in	 the	
landscape	are	sampled	more	intensively	than	others(Phillips,	2009),	
which	 could	 lead	 to	 misrepresentation	 of	 the	 real	 distribution	 of	
species	(Kadmon,	Farber,	&	Danin,	2004;	Reddy	&	Dávalos,	2003).	
We	compared	the	species	occurrence	data	and	a	random	sample	of	
points,	 finding	 the	majority	of	both	 to	be	 located	within	a	1km	of	





Environmental	 variables	were	 selected	 based	 on	 their	 capacity	 to	
reflect	 the	 relationship	 between	 species	 prevalence	 and	 the	 envi-
ronment,	 giving	due	 consideration	 to	 appropriate	 scale	 (Alvarado‐
Serrano	&	Knowles,	2014,	Table	1).	These	consisted	of	five	climatic	
variables:	 mean	 annual	 precipitation;	 mean	 January	 precipitation;	








100%.	A	value	of	0%	 indicates	equal	 rainfall	 throughout	 the	year,	




into	 fertility	 (four	 classes),	 texture	 (four	 classes)	 and	 pH	 classes	




details).	 Low	axis	 scores	 represent	nutrient‐poor,	 coarse‐textured,	
acidic	 soils,	while	high	axis	 scores	 represent	 fertile,	 fine‐textured,	
alkaline	soils.
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Our	 fire	 variable	 was	 derived	 from	 a	 hierarchical	 Bayesian	
statistical	 framework	 that	modelled	 post‐fire	 recovery	 based	 on	
ten	years	 (2000–2010)	of	 remotely	 sensed	Moderate	Resolution	
Imaging	 Spectroradiometer	 (MODIS)	 500	m	 resolution	 16‐day	
gridded	 Normalized	 Difference	 Vegetation	 Index	 (NDVI)	 data	





it	with	 a	 survival	model	 fit	with	 observed	 fire	 return	 times	 (see	
Appendix	S1	for	more	details).	While	other	components	of	the	fire	
regime	may	also	affect	species’	distributions	(e.g.,	severity/inten-









r	>	|0.7|	 (see	 Dormann	 et	 al.,	 2013),	 therefore	 all	 seven	 variables	






2.3 | Model settings and outputs
The	Maxent	 (maximum	 entropy)	 software	 package	 (http://www.
cs.princeton.edu/~schapire/Maxent/;	 Phillips,	 Anderson,	 &	
Schapire,	2006;	Phillips	et	al.,	2006)	was	used	to	develop	species	
distribution	models	 (SDMs),	 and	 to	measure	 the	 relative	 contri-











We	 fitted	 the	 model	 with	 seven	 predictor	 variables	 (i.e.,	 map,	











TA B L E  1  Details	of	environmental	variables	selected	for	modelling




























































Maxent	 provides	 other	 estimates	 of	 variable	 importance	 such	










tionship	 between	 each	 environmental	 variable	 and	 species	 across	
the	different	life	histories.
To	 test	whether	 species	 responses	 to	 each	 environmental	 vari-
able	depends	on	their	life	history	traits,	we	fitted	linear	mixed	effect	
models	using	the	“lme4’	package	 (Bates,	Mächler,	Bolker,	&	Walker,	










The	 full	 model	 (all	 seven	 variables)	 achieved	 good	 accuracy	 (me-











tributions	 (see	Appendix	 S2,	 Figure	 S2.1).	Most	 univariate	models	
F I G U R E  1  Variable	importance	as	described	by	permutation	importance	for	resprouter	graminoids	(GraminoidSP),	seeder	graminoids	
(GraminoidSE),	resprouter	shrubs	(ShrubSP)	and	seeder	shrubs	(ShrubSE)






revealed	 that	 there	were	significant	differences	 in	 the	 importance	
of	variables	across	all	species	(F	=	21.83,	df =	6,	p	<	0.001),	with	FRI,	
MAP and PPT seasonality,	generally	being	the	strongest	determinants	
of	fynbos	plant	species	distributions	(see	Appendix	S2,	Table	S2.3),	
although	this	varied	among	life	histories	(Figure	1).
The	 linear	mixed	effects	 analysis	exploring	variation	 in	 the	per-
mutation	 importance	 scores	 for	 each	 variable	 revealed	 significant	
differences	among	species	with	different	 life	history	 in	response	to	
FRI	 (Table	2).	Seeders	were	significantly	more	sensitive	 to	 fire	 than	
resprouters	 (p	<	0.05),	 likely	driven	by	the	 large	difference	between	








The	 response	curves	 indicate	 the	direction	of	 the	 relationship	be-
tween	 species	 and	 the	 different	 environmental	 variables	 used	
(Figure	2).	We	observed	that	species	across	all	 life	histories	have	a	
negative	response	to	 increasing	fire	return	 interval	 (Figure	2);	 that	
is	a	 longer	fire	return	 interval	results	 in	the	reduced	probability	of	
occurrence	of	all	species.	This	negative	relationship	was	also	appar-
ent	for	Soil,	Summer PPT, Winter Tmin and Summer Tmax	(i.e.,	hotter,	
more	fertile	conditions	with	higher	summer	rainfall),	while	a	positive	




The	 linear	 mixed	 effect	 analysis	 on	 the	 slopes	 of	 the	 response	
curves	 revealed	 that	 there	 was	 a	 significantly	 more	 negative	 rela-
tionship	between	seeders	and	fire	return	interval	as	compared	to	re-
sprouters	(p	<	0.05,	Table	3),	although	the	interaction	term	suggested	




by	more	 fertile	 soils	and	shorter	 fire	 return	 intervals	 than	 resprout-
ers.	There	were	significant	(p	≤	0.05)	interactions	between	the	shrub	
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4  | DISCUSSION
Species	 distribution	models	 (SDMs)	 are	 central	 to	 improving	 our	
understanding	 of	 how	 species	 may	 respond	 to	 climate	 change.	
Various	studies	allude	to	the	need	to	incorporate	more	non‐climatic	
variables	 and	 consider	 functional	 trait	 differences	 among	 spe-
cies	when	modelling	 their	distributions	 (Austin	&	van	Niel,	2011;	
Enright,	 Fontaine,	 Lamont,	 Miller,	 &	 Westcott,	 2014;	 Franklin,	
Serra‐Diaz,	Syphard,	&	Regan,	2016;	Heikkinen	et	al.,	2006;	Syphard	
&	Franklin,	2010;	Yates	et	al.,	2010).	Such	modifications	 to	 tradi-




is	 a	 significant	 driver	 of	 vegetation	 dynamics	 in	 Mediterranean‐
type	 ecosystems	 such	 as	 the	CFR	 (Bond	&	Keeley,	 2005;	Keeley	












Keeley	 et	 al.,	 2012;	Procheş,	Cowling,	&	Preez,	 2005;	 van	Wilgen	
et	 al.,	 1992).	 For	 instance,	 dry	 season	 fires	 initiate	 flowering	 and/
or	seed	release,	and	break	seed	dormancy,	in	many	fynbos	species	
(Brown,	 1993;	Keeley	 et	 al.,	 2012),	while	winter	 rainfall	 facilitates	
germination	and	 the	growth	of	new	seedlings.	Furthermore,	 a	de-
mographic	 study	 by	 Treurnicht	 et	 al.,	 (2016)	 found	 that	 while	 cli-
mate	had	a	dominant	effect	on	the	recruitment	of	26‐shrub	species	
(Proteaceae),	 fecundity	 was	 mostly	 fire‐driven.	 In	 other	 studies;	
Lawson	 et	 al.,	 (2010)	 and	 Regan,	 Crookston,	 Swab,	 Franklin,	 and	
Lawson,	(2010)	used	spatially	explicit	stochastic	population	models	
to	show	that	changes	in	fire	return	interval	have	significant	effects	







The	 importance	 of	 fire	 as	 a	 determinant	 of	 fynbos	 distribu-
tions	was	more	apparent	among	seeder	species	than	resprouters,	








contrast,	 resprouters	 exhibit	 greater	 resilience	 in	 their	 interac-
tion	with	fire,	with	rapid	regrowth	and	defensive	structures	(e.g.,	
thick	 bark)	 facilitating	 continued	 persistence	 under	 a	 range	 of	
fire	 return	 intervals	 (Lamont	et	 al.,	 2011).	While	 seeder	 species	
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(Wisheu,	Rosenzweig,	Olsvig‐Whittaker,	&	Shmida,	2000;	Wuest	
et	al.,	2016).	For	example,	Wisheu	et	al.	(2000),	found	that	there	
was	 a	 dominance	 of	 resprouters	 on	 fertile	 soils,	 while	 seeders	
dominated	sites	with	nutrient‐poor	soils	and	frequent	fires.	The	
dominance	 of	 seeder	 species	 was	 attributed	 to	 their	 ability	 to	
make	 use	 of	 nutrients	 (released	 by	 the	 fire)	 just	 below	 the	 sur-
face	 that	 resprouters,	with	 deeper	 root	 systems,	were	 not	 able	
to	access.
While	our	results	show	that	fire	is	an	important	determinant	
of	 fynbos	 species’	 distributions,	models	 that	 excluded	 fire,	 and	
many	 that	 were	 based	 on	 single	 climatic	 variables,	 generally	





prove	model	 accuracy	 in	 predicting	 the	 distribution	 of	 a	 set	 of	
vascular	 plant	 species.	 The	 corroboration	 between	 our	 results	














or	 invasive	 alien	 trees),	 increased	 frequency	 of	 extreme	 fire	
weather,	or	direct	human	alterations	in	probability	of	ignition	and	
fire	spread	(i.e.,	from	fire	suppression	or	habitat	fragmentation).	




Although	our	study	only	 focuses	on	fire	 return	 interval,	we	do	
acknowledge	the	ecological	importance	of	other	components	of	the	
fire	 regime	 in	driving	plant	species	distributions	 in	 fire‐prone	eco-
systems.	For	example,	Altwegg	et	al.	 (2014)	highlight	the	differen-
tial	effects	of	fire	seasonality	and	fire	intensity	on	resprouters	and	
seeders	 that	 result	 in	 the	 dominance	 of	 one	 life	 history	 over	 the	
other	in	a	given	space.	In	their	study,	Altwegg	et	al.	 (2014)	predict	
resprouters	to	have	greater	resilience	against	out	of	season	fires,	or	
fires	 followed	 by	 unfavourable	 conditions	 for	 establishment	 (e.g.,	
unpredictable	 rainfall),	 while	 high‐intensity	 fires	 are	 predicted	 to	
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of	species	responses	to	fire	regime,	and	ultimately	improve	predic-
tions	 of	 how	 changes	 in	 fire	 regime	 will	 influence	 future	 species	
distributions.
Anticipating	 the	 impacts	 of	 climate	 change	 on	 biodiversity	 in	
fire‐prone	ecosystems	requires	an	approach	where	not	only	the	in-
teractions	between	plant	species	and	climate,	but	also	disturbance	
factors	 such	 as	 fire,	 form	 the	 basis	 of	 vulnerability	 assessments.	







ularly	 in	 the	 case	of	 seeder	 graminoids	 and	 shrubs.	The	variation	
in	 species’	 response	 to	 environmental	 covariates	 across	 different	
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